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POREWORD 

This report summarizes certain results obtained from the initial 
phase of studies on the structure and properties of a series of elaa- 
tomeric polyurethanes. Thj wor'.  _- originally undert.<»A.BU to obtain 
information needed for the interpretation of the water vapor permea- 
bility behavior of polyurethane films. However, the results proved 
to have much wider significance. Of particular interest are the dis- 
covery of a previously unreported transition not far above the temp- 
erature range of common usage, and the preliminary observations on 
light scattering and crystallization behavior which are important to 
an understanding of the mechanical and thermal behavior of polyure- 
thanes. It is expected that later results from this program will 
lead to a model for the structural organization of polyurethanes 
that is able to account for the unusual properties of this important 
class of polymeric materials. 
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made by Daniel Kisha, Bonita Mollicone and Abram King. 
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2.  Experimental 

a. Samples 

Laboratory samples, kindly supplied by the Mobay 
Chemical Co., were prepared in a two-step process. 
Prepolymers ware formed from poly(1,4-butylene adipate) 
(PBA) and poly (tetramethylene glycol) (PTMG), each 
of molecular weight 2,000 by capping with 3.2 moles 
of diphenylmethane diisocyanate (MDI) per mole of poly- 
ester oi polyether.  Chain extension was achieved by 
reaction with 2.0 moles of 1,4-butane diol.  Stringent 
precautions were taken during preparation to maintain 
moisture levels below 0.05 per cent.  Casting of sheets 
and in some cases compression molding was followed by 
a 16 hr. cure at 100*C.  Despite the curing step, these 
samplet, were soluble in dimethyl acetamide. (An unidenti- 
fied fraction of leas than 0.5 per cent from the PTMG 
based elastomer remained insoluble,)  An uncured PTMG 
sample of the same formulation as above prepared by 
the one-step method where the three reactants were mixed 
simultaneously was also supplied.  This sample was also 
soluble in DMA. 

Commercial Estane samples (B.F. Goodrich Chemical 
Co.) of the same designation as the samples used by 
Cooper and Tobolsky are based on the same constituents 
as the Mobay polyester, but in different proportions. 
The polyester molecular weight is 800-1000  lower than 
in the Mobay samples.  The diisocyanate content for 
these samples is reported  as 38 per cent and 32 per 
cent in the 5707 and 571C>respectively, as compared 
to 27 percent in the Mobay samples.  Both are soluble 
in tetrahydrofuran^  and were supplied in pellet and 
sheet form. 

b. Thermomechanical Analyzer (TMA) 

In this accessory module of du Pont's DTA, a weighted 
probe is placed on the sample while it is heated at 
a programmed rate.  The output trace,, directly related 
to the probe position, reflects the combined effects 
of thermal expansion and probe penetration.  Runs were 
made at heating rates of 5 - 10 deg./min. on samples of 
0.05-0.10 inches in thickness.  Different sensitivity 
settings and probe loads, typically 5-20 grams, were 
used to optimize the output in the various transition 



regions.  With constant sample  thickness, load, and 
heating-rate the average deviation in the intersection 

| of the extrapolated linear portions of the curves was 
usually less than 3°C.  Increasing the load caused 
lowering of the intersection, thus the reported values 
of transition temperatures arc indicative of a tran- 
sition range. 

I 
c.  Differential Scanning Colorimetry (DSC) 

A Perkin Elmer DSC-1 proved useful in detecting 
heat capacity changes, though no absolute values could 
be obtained due to the lack of reproducibility of the 
slope of the out ut trace.  Disks of the polyurethane 
films of about 15 20 mg. were dried at 50°C. in a 
vacuum oven for 16 hours before the runs were made 
at scanning rates of 10°C./min.  The reported transi- 
tion temperatures correspond to the peak values of the 
broad eidotherms. 

d.  Light Scattering 

Polarized high scattering measurements were performed 
on films of the turbid PTHG sample, by suitable modifica- 
tion  of the beam geometry at the sample and detector 
on a Brice-Phoenix Model 2000 Photometer.  With the 
sample normal to the incident beam, measurements ranged 
from scattering angles of 2.5 to 45 deg. with crossed (H ) 
and parallel (V ) polarizers.  The high turbidity of 
the sample necessitated using thin (t> mil.) compression 
molded films»  These were co ted with microscope immersion 
fluid and supported between microscope cover slips. 

I 
e.  X-ray 

Flat pla^e x-ray diffraction photographs were pro- 
j| duced using Ni filtered Cu radiation.  Aluminum powder 

placed on the film surface aided in calculating lattice 
spacings.  Measurements were made en the Mobay PTMG 
PBA samples at various elongations. 

5 
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3,  Results 

a,  Scanning Thermal Methods 

Table I summarizes the results of '-hese techniques 
by noting the positions of transitions in the tempera- 
ture range from 100°C, to above 200°C  Figures 1 and 
2  how typical curves obtained by these techniques. 
The DSC peaks have been adjusted to represent equal 
weight of the two samples,  Of the various transitions, 
three appear to be common to all samples, but have 
varying definition in the output traces.  The T., 
values obtained on the Estane samples compare well with 
the low temperature transitions estimated at 10°C. and 
208C. for the 5707 and 571Ü samples, re jpectively, from 
the 10 sec. modulus-temperature curves of Cooper and 
Tobolsky.   However, there is no evidence in any of 
the previously reported mechanical behavior for the 
transition T  near the middle or upper end of the rub- 
bery plateau which is revealed by the scanning thermal 
methods,  T„ is manifest as a diffuse endothermic peak 
in the DSC output trace, more marked in the case of 
the Mobay PBA sample than with the polysther.  The corre- 
sponding TMA output indicated a limited increase in 
penetration in the T. region of these elastomers, 

The TMA traces obtained in the present work show 
behavior in the temperature range above T_ which closely 
resembles the modulus-temperature curves reported by 
Cooper and Tobolaky0  The location of T_ for the Mobay 
PBA elastomer coincides with the region of rapid IF dulus 
decrease reported  at 150 to 170°C. for such a sys.em. 
In the case of Estane 5707 the correspondence of T„ 
to the high temperature transition reported by Cooper 
and Tobclsky is also readily apparent.  Their modulus 
temperature curve is linear over a 50 degree temperature 
range above tg with some departure from linearity at 
about 100°C, leading to a tenfold drop in modulus through 
150eC.  With the Estane 5710 sample the major drop in 
modulus occurs above 100*C„   However, there is curvature 
in the modulus-temperature curve starting at T»60*C. 
This temperature corresponds to the location of the T 
trtnsition determined for this sample in the present 



In addition to these three common transitions, 
there /re two others, specific to particular samples. 
In the hobay PBA sample,IMA showed a 35°C, transition, 
while a relatively sharp endothermic peak at 205*C. 
was obtained by DSC with the PTMG alastomer.  These 
transitions are evident in the curves of Figures 1 
and 2 respectively. 

b.  Light Scattering 

The PTMG based polyurethane samples were character- 
istically highly turbid.  Since scrupulous attention 
was given to the exclusion of any moisture during 
the sample preparation, this turbidity is not the 
result of void formation.  Further, the polyester 
based polymer prepared under identical conditions 
was optically clear.  This indicates that the turbid- 
ity represents an inherent property of these polyether 
polyurethanes and provides direct evidence for the 
existence of inhomogeneities in density or in the 
orientation of optical anisotropy. 

Partial analysis of the light scatterina behavior 
from the PTMG based film of optical densityTo/ -0C2 
was performed to obtain information on the relativ« 



AL larger angles (smaller distances in the sample) 
h scattering becomes significant, increasing from 
0.7 percent to 4,2 percent of the V  intensity over 

c.  X-ray Diffraction 

No crystalline x-ray diffraction peaks could 
be obtained from unoriented films of either the poly- 
eater or polyether based samples.  Studies at differ- 
ent elongations showed onset of crystalline peaks at 
extensions of 150 and 180 percent in the PBA and PTMG 
samples,respectively.  The pattern from the polyether 
based elastomer at higher elongations showed one 
layer line and three equatorial peaks with spacings 
(d - 4.41, 3.57, and 2.3^A) which are close to those 
reported for high molecular weight poly(tetramethylene 
oxide) homopolymers. '  The polyester urethane at high 
elongations yielded one equatorial reflection and no 
layer line. 



k.  Discuss j.on 

1 2 
T  is usually taken a  the m.ijor glass transition ' 

related to onset of location about bonds in the flexible 
polyester and polyether chains.  It has been determined 
in polyurethane elastomers by volume expansion   as well 
as mechanical measurements. '  Recently, Miller   has 
suggested that the true glass transition actually occurs 
at a lower temperature, and that T. reflects a change 
from viscoelastic to elastomeric mechanical behavior. 

In assigning mechanisms to T„ and T , a number of 1 

possibilities must be considered.  Saunaers and Frisch 
indicate that allophanate bonds, formed in the reaction 
of diisocyanate with urethanes, are relatively unstable, 
listing as evidence the fact that dissociation of these 
could be measured at temperatures of 106°C„ and above. 
The cured Mobay samples with excess MÜI would be expect- 
ed to contain a significant amount of allophanate link- 
ages, and even when stoichiometric amounts of reactants 
are used, allophanate formation is known to occur.  On 
this basis, it appears useful to inquire whether: T  might 
correspond to ailopharate bond dissociation,, 

In reported data   on allophanate bond decomposi- 
tion,, the rate constant for the first order process^, 
measured by infrared absorption, is 1„65 x 10~ sec.   at 
150°C.  Based on the time scale of the DSC experiment 
(scanning rates of 10°C/min„)9 assuming T  f.o be associat- 
ed with a first order rate process» the rate constant 
would have to be an order of magnitude greater t.a-u the 
reported value if allophanate decomposition were the 
cause of this transition.  Further  the solubility of 
the samples indicates that the concentration of allo- 
phanate groups must be small.  Even the. uncured Mobay 
PTMG sample, with presumably a lower concentration of 
allophanate linkages,, showed a marked T  by both DSC and 
TMA»  Thus it appears that T  can not be accounted for 
satisfactorily as due to allophanate bond decomposition. 

The alternative view, that T. and T. be interpreted 
in terms-of dissociation of intermolecular secondary 
bonding,  seems preferable.  Hydrogen bonding via the 
urethane N-H group will consititute the major contri- 
bution to these a  relations, but non-specific polar 



interactions are also possible.  There are two proton 
accepting groups available in each type of polyurethane: 
the urethane carbonyl or ester carbonyl in P8A samples, 
and the urethane carbonyl or ether oxygen in the PTMG 
elastomers.  j.n an infra-red absorption study of H-bond- 
ing, T*naka, et, al„   studied N-H frequency shifts. 
They showed that virtually all N-H groups are in the 
H-bonded stale, but they assumed that bonding occurs 
only with thü appropriate oxygen atom in the polyester 
or polyether chain,  Boyarchuk, etc al.  studied the IR 
frequency shifts in the N-H absorption region of poly- 
ester based elastomers and in both the N-H and 00 
regions of polyether polyurethanes„  Although they agreed 
that the ester carbonyl provided the main contribution 
to H-bonding in polyester based samples, from the carbonyl. 
shift they concluded that H-bonding is primarily between 
urethane groups in polyether samples.  Accordingly,they 
pictured that the polyether sample was organized into 
domains of urethane groups dispersed in the polyether 
matrix, attributing the low concentration of urethane- 
ether H-bonding to steric hinderance.  Such an iwhomo- 
geneous segregation of urethane groups throughout the 
sample is similar to that suggested by Cooper and 
Tobolsky  for polyester based elastomers*  it should 
be noted that it was not possible for Boyarchuk to mea- 
sure the urethane carbonyl absorption in the ester poly- 
urethanes because of the presence of ester carbonyl. 

It is our view that in polyester as well as in the 
polyether polyurethanes„ H-bonding occurs both between 
the urethane segments themselves and between the urethanee 
and ether or ester segments of the molecule.  The degree 
of each type will depend upon the composition as well 
a« the processing conditions of the sample.  We attribute 
T_ to the dissociation of urethane-ester or urethane- 
ether H-bonding, whereas T-, is believed due to dissocia- 
tion of the urethane domains.  The invariance of T. 
observed in Table 1 appears to be due to the similar 
strengths of H-bonding to the ether and ester functional 
groups, as shown by Boyarchuk in measurements on model 
compounds.  The higher temperature of dissociation of 
strong inter-urethane H-bonding, corresponding to T~ 
presumably results from the stiffness and packing or 



the urethane segments.  Such sttong h-bond interaction 
was postulated by ftinke   between uretitane segments in 
pseudo-crystalline regions of segmented polyether poly- 
urethane fibers, similar to the li-bonding in poiyamids. 

Our interpretation of T  and T  is based on the fol- 
lowing evidence,  X  is sharper ana much more pronounced 
in the PTMG sample, where the degree of interurethane 
bonding is greatest,   (Discussion below indicates that 
such association can lead to urethane crystallites in the 
polyether sample,)  In contrast, T» is sharper and more 
pronounced the polyester sample, where urethane-ester 
bonding predominates.  Thus the occurrence of a T_ as well 
as a T, transition in three of the polymer samples in 
Table I indicates that domain structure as well as distri- 
buted urethane-ester or -ether hydrogen bonding is present 
in these samples. 

With this model it is possible to explain some dis- 
crncerting results of Tanaka,   In IK studies of the 
temperature dependence of hydrogen bonding on a polyester 
based system, he found very little decrease in the hydro- 
gen bonding at temperatures up to 100CC.  Correspondingly, 
the calculated energy of H-bond formation was 0.7 kcal./mol,, 
which is exceedingly small-  If one assumed that only a 
fraction of the total number of H-bonds were made to ester 
segments,, the rest being the more stable interurethane 
type, then only the first type would dissociate at tempera- 
tures up to 1U0°C.  Calculation of the equilibrium constant 
including correction for the fraction of urethane-uretlane 
bonding would lead to a higher, more reasonable value of 
free energy. 

The present interpretation of the T. and T  transi- 
tions is also useful in explaining the difference in the 
modulus temperature behavior observed for various poly- 
ester based samples»  The bsUnes are prepared from rela- 
tively low molecular weight polyesters (800-1000) as compar- 
ed to the 2,000 molecular -'eight prepolymers used in the 
Mobay sample   Based on the percent composition, the Estane 
5710 sample has a 21 molar ratio of diisocyanate to poly- 
ester,, while in the Estane 5707 and Mobay PBA the ratio 
is very close to 3,1„  The latter polymers have larger 
urethane segments corresponding stoichiometrically to two 
residues of butane diol and three of diisocyanate between 



prepolymer chains,  These larger urethane segments lead Co 
better organized and more stable domains which are manifest 
by the T, transition apparent in the thermal methods, and 
by the high modulus at temperatures above T .  The smaller 
size of the urethane segments in Estane 5710 results in a 
lower proportion and reduced stability of the urethane 
domains.  This is marked by the constantly decreasing 
modulus above T_ and the lack of a perceptible T- transition, 
If the ratio were 1 ° 1. such that the "hard segment" con- 
sisted merely of one diisocyanate molecule, one would not 
expect appreciable strength above T »  In fact, Colodny 
and Tobolsky   found that such an elastomer flowed at 100'C. 

Ue return to consider the two transitions which are 
not common to both the polyester and polyether based 
samples.  The transition at 35°C. in the Mobay PBA sample 
Is believed due to melting of crystallites of the poly- 
ester.  Elastomers prepared from higher molecular weight 
polyesters are Known to crystallize on storaae.  The melt- 
ing temperature of PBA hoaopolymer is 65°C,    The dis- 
placement to a lower temperature might be due to the low 
molecular weight and the constraints on crystallite size 
and perfection caused by presence of the urethane segments. 

The DSC endotherm at 205°C0 in the Mobay polyether 
can definitely be identified with spherulites 6-8y<<in 
diameter which were observed in compression molded films 
of the uncursd one-step sample.  These melted on a kofler 
hot stage at about 207'c, in agreement with the peak on 
the DSC trace.  The expected region for melting of crys- 
tallites of the polyurethane prepared from MDI and butane 
diol is 200CC, to 300°C„    From the DSC endotherm it was 
estimated that on the order of 10 percent of the urethane 
segments had crystallized, representing only about 3 per- 
cent of the total polymer weight.  The DSC endotherm from 
the sample prepared by the two-step process from the ether 
prepolymer indicated about the same order of crystallinity, 
though no structure was observable uith the optical micro- 
scope. 

In PTMG elastomers prepared by both techniques, a dis- 
tribution in urethane segment length4 exists.  Since the 
long segments would crystallize more readily, the differ- 
ence between these two samples is probably due to the 
longer urethane segments in the samples prepared by the one« 
step technique which allows crystallization into recogniz- 
able spherulitic structures. 

iu 



The crystallization of the longer urethane segments 
in the PTMG polymer is in keeping with the conclusion of 
Boyarchuk that a greater heterogeniety exists in the spa- 
tial distribution of urethane segments in the polyether 
based samples than in the polyester based elastomer«. 

The greater contribution to the light scattered by the 
turbid PTMG sample is from density fluctuations apparently 
associated with the small amount of urethane crystallinity. 
Qualitative observations indicate that the greatest de- 
crease in turbidity as a function of temperature occurs 
just above 200°C„  From the size of the calculated cor- 
relation function for density fluctuations we believe 
the V  scattering arises from crystalline aggregates 
similar to the spherulites observed in the compression 
molded samples.  That these aggregates are highly dis- 
ordered is apparent from the very low value of H  scat- 
tering.  In well-ordered spherulitic structures such as 
polyethylenes the H  scattering intensity is about 2/3 
the V  value.  £venvin rather disordered structures such 
as quenched polypropylene,   the ratio of H  to V  scat- 
tering is approximately 1/3»  In the present case this 
ratio is merely a few percent. 

The increasing H  component at the larger angles could 
arise from short range orientation correlation of either 
the crystallites or the non-crystalline domains.  Both 
could have the optical anisotropy necessary to cause H 
scattering.  Further measurements of the temperature de- 
pendence of scattered light would aid in determining the 
origin of this contribution to total scattering.  Also, 
low angle x-ray scattering measurements are planned in 
order to study structural ordering in the hundreds of 
Angstroms range. 

Whatever the detailed interpretation of the scattering 
behavior» the presence of crystalline urethane regions 
in the polyether based polyurethanes is direct evidence 
that a segregation of the urethane and prepolymer segments 
can occur.  It seems reasonable to suggest that the ob- 
served spherulitic structures represent only one extreme 
of organization and that a wide range of urethane domain 
size and perfection occurs» much of it on a scale that 
does not contribute to light scattering.  However, the 
larger end of the range of sizes contributes to the 
aspects of scattering behavior commented on above.  The 
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with those of the pure homopolymer indicate! 

her polyurethane,  The relatively low elongationi 
crystallite diffraction was observed in the pre- 
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5.  Summary 

The measurement of transition temperatures and the 
analysis of optical behavior has provided further informa- 
tion about the interactions and structural organization 
of elastomeric polyurethanes, and the effect oi these 
factors on mechanical behavior.  Two separate transitions 
have been identified and interpreted in terms of H-bond- 
ing, and indicate that two distinct types of H-bonding 
exist in all the polyurethanes studied in this work.  The 
T- transition occurring at 30°C involves H-bonding between 
tne urethane secondary amine group and the ester carbonyl 
or ether oxygen of the prepolymer, while the T. transition 
occurring at about 1A0°C or above is ascribed to interure- 
thane H-bonding.  The presence of interurethane H-bonding 
which dissociates at higher temperatures than the urethane- 
prepolymer type is connected with the segregation of ure- 
thane groups leading to domain structure.  There is evi- 
dence of several types that the extent of interurethane 
bonding and domain structure is greater in the polyether 
than the polyester polyirethanes,  It appears that the 
greater amount of H-bonaing between the urethane and the 
groups of the polyester chain gives rise to higher but more 
temperature dependent modulus values than in the equivalent 
polyether based elastomer.  Greater hysteresis in the stress- 
strain curve might also be predicted for the polyester 
urethanes, but there is not adequate published information 
on this type of behavior.  More extensive measurement of 
the temperature dependence of the polyurethane properties, 
including mechanical behavior, infra-red absorption and 
scattering in the optical and x-ray regions are required 
to provide further elucidation of the organization pit- 
sent in these elastomers. 
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TABLE I 

Kobay PBA 

Mobay PTMO 

Estane 5707 

Edtane 5710 

RETHAt JE ELAS1 :OMER TRANSITIONS 

de ;g- C, t 

T T T3 

TMA -45 35 64 148 
DSC - - 80 167 

TMA -85 60 153 
DSC - 80 153 

TMA -12 60 130 
DSC - 85 

TMA -18 60 
DSC 83 

- Technique not used in this temperature 
range. 
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